The two vital aspects of chemoautotrophic metabolism are the generation of energy (ATP or the equivalent) and a simultaneous production of reducing power coupled to the enzymic oxidation of an inorganic substrate. Aleem and Nason' reported that in the obligately chemoautotrophic bacterial genus Nitrobacter the enzymic oxidation of nitrite is catalyzed by a cytochrome-containing electron transport particle via cytochrome c and cytochrome oxidase-like components.
The two vital aspects of chemoautotrophic metabolism are the generation of energy (ATP or the equivalent) and a simultaneous production of reducing power coupled to the enzymic oxidation of an inorganic substrate. Aleem and Nason' reported that in the obligately chemoautotrophic bacterial genus Nitrobacter the enzymic oxidation of nitrite is catalyzed by a cytochrome-containing electron transport particle via cytochrome c and cytochrome oxidase-like components.
They subsequently demonstrated2 the coupling of this oxidation with the generation of high-energy phosphate bonds which were identified as adenosine triphosphate (ATP). The over-all reaction is: PROC. N. A. S. cytochrome electron N02-+ '/2 02 + nADP + nPi -N03-+ nATP.
(1) transport chain The energy liberated in the above equation is utilized in part to drive the endergonic reduction and assimilation of carbon dioxide,3 and in part to produce reduced pyridine nucleotides which are essential for the operation of the carbon reduction cycle. 3 4 The following equations represent these events: 3ATP + PN+ + H+ + 2 ferrocytochrome c --3ADP + 3Pj + PNH + 2 ferricytochrome c (2) C02 + 3ATP + 2H+ + 2PNH--[CH20] + H20 + 2PN+ + 3 ADP + 3Pi. (3) The process of chemosynthesis as displayed by Nitrobacter, therefore, appears to be analogous to photosynthesis. In this system as in photosynthesis, water must be the source of hydrogen for the pyridine nucleotide reduction.
The experiments reported below demonstrate for the first time that water (not molecular oxygen) participates in the oxidation of nitrite to nitrate and that the hydrogen donor for the concomitant reduction of pyridine nucleotide is also water. The over-all stoichiometry of the reaction is represented by the following equation:
N02-+ H20" + A 2. N0318-+ AH2.
(4) Materials and Methods.-Cells of Nitrobacter agilis (American Type Culture Collection no. 9482) were grown and harvested as described by Aleem and Alexander.5 Results.-The source of oxygen for nitrite oxidation: It might be considered that molecular oxygen should oxidize nitrite during chemosynthesis by Nitrobacter.
However, the data of Table 1 show that when nitrite is oxidized in the presence of 0218, there is only a small recovery of 018 in the nitrate. This amount is far below that expected from incorporation of an oxygen atom into nitrite. The incorporation observed could be due to the reduction of 0218 to H2018 followed by incorporation of this greatly diluted label. The alternative is that the oxygen for nitrite oxidation comes from water. The results in Table 2 clearly show that the oxygen from H2018 appeared in the nitrate The foregoing results and discussion suggest that the 018 appearing in nitrate from H20'8 might arise from the oxygen exchange reactions between water and nitrate. The results in Table 3 show Reaction mixture in a total volume of 2.0 ml contained 0.1 ml cells (10 mg protein) or 0.5 ml of the supernatant from a cell-free extract centrifuged at 20,000 X g for 30 min (5 mg protein), 5.0 pmoles KNO2, 10 $smoles potassium ferricyanide, and 150 ismoles Tris-HCl buffer, pH 8.0. No ferricyanide was used in the presence of oxygen. In the presence of ferricyanide the reaction vessel was evacuated and gassed with oxygen-free N2 (repeated three times) and nitrite was then tipped in to start the reaction. The reaction was stopped after incubation for 30 min at 301C.
that this was not the case. No significant oxygen exchange between water and nitrate was catalyzed under aerobic or anaerobic conditions by Nitrobacter cells. Table 3 also shows that some exchange (but not complete exchange) occurred between nitrite and water under aerobic and under anaerobic conditions; this probably accounts for the slight excess of 018 incorporation reported in Table 2 .
Anaerobic nitrite oxidation in the presence of ferricyanide: A different approach was used to show that nitrite oxidation by Nitrobacter intact cells or cell-free extracts could proceed in the absence of molecular oxygen, provided the latter were replaced by an artifical electron acceptor such as ferricyanide. The data in Table 4 indicate such an oxidation occurs with ferricyanide as the terminal electron acceptor. The stoichiometry of nitrite oxidized and ferricyanide reduced was reasonable.
Discussion.-There have been speculations concerning the source of reducing power in chemosynthetic bacteria.9 10 Ultimately, water must be the source of reducing power in the Nitrobacter system. The NADH generated in the presence of tritiated water when trapped by pyruvate and lactic dehydrogenase (LDH) yields labeled lactate.3 Much more tritium was incorporated into added unlabeled lactate formed in the presence of added NAD+, pyruvate-LDH trapping system, and nitrite than into added lactate in the absence of nitrite. These results3 clearly show that in the Nitrobacter system, water not only serves as a reductant for pyridine nucleotide but also as an oxidant for nitrate.
The following reactions have been reported in a chemosynthetic bacterium: (2) NADH + H++ ADP +P+ 1/2 02 -sNAD+ + ATP + H20.
(3) In reaction (1) the nitrite donates electrons to the cytochrome-electron transport chain. These electrons are ultimately accepted by molecular oxygen with concomitant phosphorylation (Aleem and Nason) . l 2 The energy generated in reaction (1) is used to drive a portion of the electrons donated by nitrite to the level of pyridine nucleotide. The energy-dependent reduction of pyridine nucleotide in reaction (2) involves the participation of electrons donated by a reduced component (i.e., ferrocytochrome c) of the respiratory chain, and protons donated by water (Aleem et al.3' 4) . The requirements for the energy utilized in reaction (2) could be fulfilled by reaction (3) .
In this report we have shown that nitrite can be oxidized via a dehydrogenation. It seems likely that the nitrite molecule (or some activated form of it) is hydrated prior to electron removal.
Summary.-In the chemoautotroph Nitrobacter agilis, the oxygen of water is responsible for the oxidation of nitrite. This process is independent of molecular oxygen. These results constitute the first experimental demonstration that water serves as the source of oxygen in chemoautotrophic bacteria.
